Endothelial cells store the adhesive glycoprotein von Willebrand factor (VWF) in Weibel-Palade bodies (WPBs), distinctively shaped regulated secretory organelles that undergo exocytosis in response to secretagogue. A significant proportion of newly synthesized VWF is also secreted spontaneously from nonstimulated cells, through what is thought to be the constitutive secretory pathway. To learn more about VWF trafficking, we performed kinetic analyses of the storage and nonstimulated secretion of VWF in cultured human endothelial cells. We found that most VWF was secreted through a route that was significantly delayed compared with constitutive secretion, although this pathway was responsible for secretion of a small amount of uncleaved VWF precursor. Disruption of pH-dependent sorting processes with ammonium chloride converted the secretion kinetics of mature VWF to that of its precursor. Conversely, preventing constitutive secretion of nascent protein with brefeldin A had only a modest effect on the spontaneous release of VWF, showing that most VWF secreted by nonstimulated cells was not constitutive secretion but basal release of a post-Golgi storage organelle, presumably the WPB. These data suggest that VWF is sorted to the regulated secretory pathway in endothelial cells much more efficiently than previously reported. (Blood. 2008;112:957-964)
Introduction
Von Willebrand factor (VWF) is a large, adhesive glycoprotein synthesized and secreted by endothelial cells and platelets that plays a vital role in primary and secondary hemostasis. 1, 2 Within endothelial cells VWF is stored as high molecular weight, disulfidebonded, homo-oligomers in distinctive rod-shaped, regulated secretory organelles called Weibel-Palade bodies (WPBs). 3, 4 WPBs originate from the trans-Golgi network (TGN) in a process driven by VWF itself and dependent on the drop in pH that occurs in the TGN. [5] [6] [7] [8] Curiously, although it is known that VWF expression is able to induce the formation of its own storage organelle, 5 the only published estimate of the efficiency of VWF sorting to WPB in endothelial cells suggests it is a very inefficient process with only 5% to 10% of newly synthesized VWF being sorted, the rest (90%-95%) being secreted through the constitutive secretory pathway. 9 This figure has become generally accepted, although a study based on the analysis of VWF multimers secreted from, or retained within, human umbilical vein endothelial cells (HUVECs) concluded that constitutive secretion of VWF was insignificant. 10 We wanted to understand the factors influencing VWF trafficking in endothelial cells and used metabolic labeling of cultured HUVECs combined with immunoprecipitation of the 2 cleavage products of the VWF precursor proVWF, mature VWF and the proVWF pro-polypeptide (VWF:AgII, referred to in the study as AgII). The data from these experiments suggested a model in which most VWF was sorted away from the constitutive secretory pathway into a post-Golgi compartment that was subsequently secreted without a requirement for cell stimulation. The spontaneous release of regulated secretory cargo in the absence of stimulation has been termed "basal" secretion to distinguish it from constitutive secretion. 11 To test this model, we made use of the known effects of ammonium chloride (NH 4 Cl), brefeldin A (BFA), and cycloheximide (CHX) on the mammalian secretory pathway. The importance of this finding to our understanding of VWF sorting in endothelial cells is discussed.
Immunoprecipitation
VWF and AgII were immunoprecipitated from cell lysates and medium using rabbit anti-VWF (Dako UK, Ely, United Kingdom) and rabbit anti-AgII antibodies, respectively, bound to protein-A sepharose. Immunoprecipitates were eluted from the sepharose at 95°C in sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) sample buffer containing 10% (vol/vol) ␤-mercaptoethanol, and proteins were resolved by SDS-PAGE on 6% gels. 15 Coomassie stained, dried gels were exposed to storage phosphor plates (GE Healthcare) which were scanned using a Storm 860 PhosphorImager (GE Healthcare) and [ 35 S]-labeled proteins were quantified using ImageQuant software (GE Healthcare). Preliminary experiments showed that VWF and AgII antibodies immunoprecipitated more than 80% of their respective antigens from cell lysates and media (J.P.G., unpublished data, July 2006).
Endoglycosidase treatment
VWF immunoprecipitates were incubated overnight at 37°C with 25 mU Endoglycosidase H (Roche Diagnostics, Lewes, United Kingdom) according to the manufacturer's instructions before elution and resolution by SDS-PAGE.
Measurement of VWF secretion by enzyme-linked immunosorbent assay
Cell monolayers were washed and media replaced with fresh culture media containing appropriate reagents. Media were collected at various times and centrifuged to remove cell debris, and VWF in the supernatant was analyzed in duplicate by enzyme-linked immunoabsorbent assay (ELISA) using commercial reagents and a standard protocol (Dako UK). The concentrations of VWF in international units per milliliter (IU/mL) were calculated from a standard curve prepared using human plasma calibrated against a VWF standard (WHO First International Standard; Von Willebrand Factor concentrate, 00/514; National Institute for Biological Standards and Control [NIBSC], Potters Bar, United Kingdom).
Results
Significant proportion of newly synthesized VWF is retained within HUVECs for at least 24 hours HUVECs at various time points after labeling. Immediately after labeling (0 hour chase time) the major radioactive species immunoprecipitated from cell lysates by anti-VWF antibodies was a protein of approximately 360-kDa apparent molecular weight, corresponding to the VWF precursor proVWF ( Figure 1A top, open arrowhead). At this time point no radioactive AgII could be precipitated using an anti-AgII antibody ( Figure 1A bottom) Figure 1A top, closed arrowhead) and a 100-kDa protein precipitated with the anti-AgII antibody ( Figure 1A bottom, closed arrowhead). These 2 proteins are mature VWF and AgII, respectively. The time course of VWF processing and secretion is consistent with previously reported studies, [16] [17] [18] although to our knowledge this is the first time that biosynthesis and secretion of AgII has been simultaneously followed. At the end of the 24-hour incubation a significant proportion of radiolabeled VWF (both mature VWF and AgII) that had been synthesized during the initial 30-minute labeling period was recovered from the cell lysates. Quantification of pulse chase data for 4 experiments showed that after 24 hours of incubation an average of approximately 50% of the total (cells plus medium) mature VWF and AgII were recovered in the cell lysates (44.9% Ϯ 6.3% and 67.1% Ϯ 6.8%, respectively).
Immediately after passing through the Golgi, proVWF is either cleaved or secreted
In addition to mature VWF, the anti-VWF antibodies precipitated a higher molecular weight protein that appeared in the medium during the chase ( Figure 1A top, and 1B, open arrowhead with asterisk). This protein was of similar molecular weight to the 360-kDa proVWF immunoprecipitated from cell lysates (open arrowhead), but on closer inspection it was found to migrate slightly slower (see also Figures 2A,3A) . The secreted protein was Endo-␤-N-acetylglucosaminidase H (Endo H)-resistant, whereas the 360-kDa protein in the cell lysates was entirely Endo H-sensitive ( Figure 1B) . The Endo H-resistant, secreted proVWF therefore corresponded to the complex sugar form of the precursor previously described. [16] [17] [18] Endo H resistance of N-glycans occurs as a result of sugar processing events that take place in the Golgi apparatus, 19 and consequently these 2 molecular weight variants of proVWF represented pre-Golgi (ie, nascent biosynthetic protein in the endoplasmic reticulum [ER] ) and post-Golgi forms of the precursor. Endo H-resistant proVWF was not detected in the cell lysates (in these and Ͼ10 other pulse chase experiments; J.P.G., unpublished data, November 2007), although the acquisition of Endo H resistance is an intracellular event; therefore, these molecules must have existed within the cells for a finite length of time before secretion. These data show that once proVWF has passed through the Golgi apparatus (and in so doing acquiring Endo H resistance) it is either cleaved or rapidly secreted from the cell. The lack of accumulation of post-Golgi material is the hallmark of the constitutive secretory pathway, 20 and consequently secreted proVWF behaves with the characteristics of a protein secreted through this route.
Mature VWF and AgII appear in the medium more slowly than proVWF and more slowly than they appear in the cells Further examination of pulse-chase data, such as that depicted in Figure 1A , showed differences in the kinetics of appearance of the various proVWF-derived proteins in the cells and media ( Figure  1C ). The appearance of both AgII and mature VWF within cell lysates occurred with almost identical kinetics, reaching a peak approximately 5 hours after the end of labeling ( Figure 1C left F and OE, respectively). The kinetics of disappearance of their precursor, proVWF, in the cells ( Figure 1C left f) was complementary to this increase, such that the time required to reach 50% of their maximum values was similar for all 3 proteins (2-2.5 hours). These data are consistent with AgII and mature VWF being formed within the cell at the same time, as would be expected of the 2 products of proVWF cleavage. Strikingly, the 3 proteins (proVWF, mature VWF, and AgII) appeared in the media with significantly different kinetics ( Figure 1C , right). The Endo H-resistant form of proVWF peaked in the medium rapidly, just 3 hours into the chase ( Figure  1C right f). Both mature VWF and AgII appeared in the medium with kinetics that were almost identical to each other ( Figure 1C right F and OE) but much slower than that of proVWF ( Figure 1C right f) , and also much slower than their appearance in the cells ( Figure 1C left F and OE). The precise kinetic profile of proVWF secretion was complicated by the apparent instability of this antigen in the medium (see next paragraph), but these data strongly suggested that both mature VWF and AgII were being secreted into the medium by the same pathway, but that this was a significantly slower route than that taken by the small fraction of secreted proVWF. (Note that in Figure 1C Figure 4B ,C.) The simplest explanation for the delayed secretion compared with their appearance in the cells was that, unlike secreted proVWF that appeared to be secreted constitutively (as described), the newly formed mature VWF and AgII were accumulating (albeit transiently) in a post-Golgi compartment, and it was from this compartment that they were subsequently being released into the medium. Because the only post-Golgi storage organelle known to contain mature VWF and AgII is the WPB, we postulated that AgII and mature VWF were being efficiently sorted to their storage organelle the WPB and then For personal use only. on July 21, 2017. by guest www.bloodjournal.org From spontaneously secreted from this compartment, in the absence of stimulation; a process termed basal secretion. 11 As shown in the preceding paragraph, secreted proVWF, but not mature VWF or AgII, appeared to be unstable in the release medium ( Figure 1C right, f) . We do not know what caused this but we saw it consistently (see Figure 2B) , and it has also been noted in at least one other published study. 18 Proteolysis was the most likely explanation for the disappearance of extracellular proVWF, and, although inclusion of a broad-spectrum protease inhibitor cocktail (effective against most lysosomal hydrolases) in the culture medium had no effect (J.P.G., unpublished data, November 2007), it is possible that the endoproteinase furin was responsible. Furin would probably not have been inhibited by the inhibitor cocktail used, and, although generally thought to be an enzyme of the TGN (where it is almost certainly the enzyme that normally cleaves intracellular proVWF 21 ) , it is also known to be able to act on extracellular substrates as it cycles between the TGN and the cell surface. 22 Work is currently ongoing to investigate this phenomenon and the possible confounding effects of this putative extracellular processing on our kinetic analysis.
NH 4 Cl prevents sorting of newly synthesized VWF to WPB and converts the secretion kinetics of mature VWF to that of proVWF
Treatment of HUVECs with membrane-permeable weak bases such as chloroquine or NH 4 Cl has been shown to divert the trafficking of newly synthesized VWF away from storage in WPBs and leads to it being secreted from the cell in an apparently constitutive manner. 23 This is thought to be due to perturbation of a pH-dependent sorting process at the level of the TGN, 23 although it has also been shown that NH 4 Cl can influence protein sorting in post-TGN compartments. 24 If the secretion kinetics of mature VWF observed above ( Figure 1 ) were due to basal release after pH-dependent sorting to the WPBs, they should be sensitive to NH 4 Cl. Conversely, the secretion kinetics of proteins released by the constitutive secretory pathway should be relatively unaffected. We first confirmed that NH 4 Cl ablated VWF storage in our cells using pulse-labeled HUVECs chased for 24 hours in the presence or absence of 25 mM NH 4 Cl. Under control conditions 40% and 56% of the immunoprecipitated radiolabeled mature VWF and AgII, respectively, were found associated with the cell lysates at the end of the 24-hour chase period (Figure 2A control lanes, C expressed as percentage of C ϩ M). This was consistent with our previous observations (Figure 1 ). In contrast, after a 24-hour chase in the presence of 25 mM NH 4 Cl, metabolically labeled mature VWF and AgII were found exclusively in the media (Figure 2A NH 4 Cl lanes).
Having confirmed that VWF storage in our cells was sensitive to NH 4 Cl, we looked at the effects of the drug on the rate of appearance of newly synthesized mature VWF and proVWF in the medium. The experiment was performed as for Figure 1 except that the metabolically labeled cells were chased in the presence or absence of 25 mM NH 4 Cl. Under control conditions, as seen previously, we observed a striking contrast in the rate of appearance of proVWF and mature VWF in the medium ( Figure 2B Ⅺ compared with ‚, respectively) with mature VWF being secreted at a reduced rate. The addition of 25 mM NH 4 Cl to the chase medium caused the initial rate of secretion of mature VWF to increase significantly ( Figure 2B , ‚ compared with OE) so that it closely resembled that of the control value for proVWF (Figure 2B Ⅺ) . The drug had almost no effect on the initial rate of appearance of proVWF itself ( Figure 2B Ⅺ compared with f) . The sensitivity of the kinetics of mature VWF secretion to NH 4 Cl was entirely consistent with perturbation of pH-dependent sorting into the regulated secretory pathway at the level of the TGN or very soon after. In addition, the similarity between the initial rate of secretion of proVWF in the presence and absence of NH 4 Cl supported our initial conclusion that proVWF was constitutively secreted. release (4.5 U/mL per hour; Figure 2C OE). For comparison the effects of stimulation with a known WPB secretagogue, histamine, are shown ( Figure 2C F) . Histamine caused a nonlinear increase in VWF release with its major effect occurring in the first hour. These data were entirely consistent with NH 4 Cl diverting biosynthetic VWF into the constitutive secretory pathway at the TGN, although they could not rule out a post-Golgi site of action. 24 
BFA blocks secretion of newly synthesized VWF but does not abolish spontaneous release of VWF
To estimate the contribution of constitutive secretion to the VWF spontaneously secreted by endothelial cells, we made use of BFA, a fungal metabolite, widely used in membrane trafficking studies to block anterograde trafficking through the secretory pathway at the level of the Golgi apparatus, [25] [26] [27] without affecting the release of preformed regulated secretory organelles. 26 The efficacy of BFA can vary according to cell type; therefore, we first established that it was effective at preventing secretion of newly synthesized VWF from HUVECs using pulse-labeled cells chased for 6 hours in fresh growth medium in the presence or absence of 5 M BFA ( Figure  3A) . Under control conditions a significant amount of metabolically labeled VWF ( Figure 3A left, control) and AgII ( Figure 3A right, control) were recovered in the medium after 5 hours of chase (note that the shorter chase time, compared with Figure 2 , leads to a decrease in the proportion of antigens recovered in the medium). However, in the presence of BFA there was no detectable VWF or AgII in the medium and virtually no conversion of the proVWF to its lower molecular weight products.
We next asked what effect BFA would have on the VWF immunoreactivity spontaneously secreted from nonstimulated HUVECs over a similar time course measured by VWF ELISA.
For comparison we also performed this experiment on CHO fibroblasts stably transfected with a plasmid encoding full-length human proVWF. These cells do not have a regulated secretory pathway and are known to secrete exogenous VWF constitutively. 5, 28 Representative examples of such experiments are shown ( Figure 3B,C) . Under control conditions, there was a continuous release of VWF from the HUVECs at a fairly constant rate of approximately 2 U/mL per hour (Figure 3B Ⅺ) . The addition of 5 M BFA to the medium produced only a modest inhibition of VWF secretion (Figure 3B OE) . Secretion still appeared to be linear but at a rate of approximately 1.7 U/mL per hour (representing a 15% inhibition). In contrast, BFA completely abolished the secretion of VWF from the transfected CHO cells (Figure 3C OE) .
The extent of BFA-induced inhibition in the HUVECs varied considerably between experiments, but over the course of 17 independent experiments the mean BFA inhibition during a 3-hour period was less than 20% (18.2% Ϯ 15.7%; the maximum inhibition in any single experiment was 41%). Work is ongoing to try to explain this interexperimental variability, and, although we were careful in these experiments to maintain uniform culturing conditions, it may be related to the known influence of environmental factors on VWF trafficking in HUVECs. 29 These data show that constitutive secretion did not constitute the major route for nonstimulated release of VWF from HUVECs. On average, less than 20% of the spontaneously secreted VWF was leaving the cells by this pathway.
BFA preferentially inhibits secretion of proVWF
We examined the effect of BFA on VWF secretion in molecular detail using long-term metabolically labeled HUVECs. Because this method relies on PhosphorImager analysis of radiolabeled, immunoprecipitated VWF resolved by SDS-PAGE, it allowed the discrimination of proVWF and mature VWF, something that the VWF ELISA was not able to do. The PhosphorImager data and quantification of a representative experiment are shown ( Figure  4A-C) . Under control conditions the amount of mature VWF in the medium increased in a linear fashion during the 5-hour incubation ( Figure 4C Ⅺ) . The amount of proVWF appearing in the medium also increased during this period, but as already noted (see Figures  1,2 ) the rate of appearance started to plateau between the 3-and 5-hour time points (Figure 4B Ⅺ). As described above, the proVWF appearing in the medium represented constitutive secretion of metabolically labeled proVWF that was in the ER at the end of the 16-hour labeling period, and, consistent with this, the BFA treatment completely abolished its secretion during the subsequent 5-hour chase ( Figure 4B OE) .
In contrast, spontaneous secretion of metabolically labeled, mature VWF from the same cells was almost completely unaffected by the BFA treatment ( Figure 4C OE) , showing that it was not being constitutively released but secreted from a pool that had passed beyond the brefeldin block during the 16-hour labeling period. This mature VWF almost certainly represented VWF that had been sorted to WPBs and subsequently basally secreted from WPBs during the 5-hour chase period.
CHX inhibits basal VWF release through a mechanism independent of VWF biosynthesis
Spontaneous secretion of VWF from nonstimulated HUVECs is generally interpreted as arising from constitutive secretion. 9 One of the reasons for this was the observation that VWF secretion from cultured endothelial cells was completely inhibited by the protein For personal use only. on July 21, 2017. by guest www.bloodjournal.org From synthesis inhibitor CHX (whereas secretagogue-stimulated secretion was not). 30 We were interested to determine whether the basal secretion of VWF that we had characterized was equivalent to the CHX-sensitive secretion reported previously and therefore looked at the effect of overnight treatment with 5 M CHX on basal and 30 M histamine-stimulated secretion of VWF immunoreactivity. A representative example of such an experiment is shown ( Figure  5A ). Consistent with the previously published reports, overnight preincubation of HUVECs with 5 M CHX almost completely inhibited nonstimulated secretion of VWF into the culture medium during a 5-hour period ( Figure 5A compare Ⅺ with F). The CHX treatment had only a minor influence on the histamine-stimulated release of VWF immunoreactivity ( Figure 5A compare ‚ and OE). As well as showing secretion from a storage pool, the histaminestimulated release of VWF from CHX-treated cells showed that the inhibitory effect of CHX on the appearance of VWF immunoreactivity in the medium under nonstimulated conditions was due to inhibition of a secretory process rather than general toxicity of the drug or loss of cells during the overnight incubation.
These data showed that the spontaneous VWF secretion we had characterized was equivalent to the CHX-sensitive secretion previously reported. 30 Inhibiting de novo synthesis of VWF with CHX would obviously inhibit its constitutive secretion, but our model of a basal rather than constitutive secretory process predicted that the inhibitory effect of CHX on the nonstimulated release of VWF was due to inhibition of synthesis of a protein other than the secreted VWF. To test this, we metabolically labeled HUVECs for 30 minutes, followed by a 5-hour incubation in full-growth medium to ensure that most of the [ 35 S]-labeled VWF had been chased into the regulated secretory pathway (see Figure 1B) . The cells were then incubated overnight in either full-growth medium or growth medium containing 5 M CHX, followed by a 5-hour release period in the presence or absence of CHX. VWF was immunoprecipitated from cells and medium and the amounts were quantified. We found that CHX treatment inhibited secretion of the metabolically labeled VWF (Figure 5B,C) showing that the inhibitory effect of CHX on the spontaneous secretion of VWF was independent of the synthesis of VWF itself, which is entirely consistent with our model of basal secretion.
Discussion
It has been proposed that 90% to 95% of VWF synthesized by endothelial cells in culture is secreted constitutively with only 5% to 10% being sorted to the regulated secretory pathway. 9 Conversely, other work has suggested that constitutive secretion of VWF from cultured endothelial cells is insignificant. 10 Our data are consistent with the latter proposal. We have shown that most mature VWF (and AgII) spontaneously released into the medium by nonstimulated HUVECs is not secreted by the constitutive secretory pathway but by a route that is kinetically delayed, involves a pH-dependent sorting process, is insensitive to BFAinduced blockade of the anterograde secretory pathway, and does not require de novo synthesis of VWF itself. This secretory profile has all the characteristics of basal secretion, which is defined as the nonstimulated secretion of regulated secretory cargo. 11 Basal secretion can be due to nonstimulated release of fully formed regulated secretory granules, release of newly formed "immature" secretory granules, or budding of vesicles from maturing secretory granules (a process also referred to as constitutive-like secretion 31, 32 ). The crucial point is that all this material had been sorted into the regulated secretory pathway before being released. The possibility of 2 modes of unstimulated secretion (constitutive and basal) from regulated secretory cells had not been recognized when the original estimates of VWF sorting in HUVECs were reported. Our demonstration that the majority (on average 80%) of VWF spontaneously secreted from cultured HUVECs is actually by basal secretion of mature VWF that had been sorted to the regulated secretory pathway has a significant effect on our understanding of VWF trafficking, and it requires a reevaluation of the only published estimate of the sorting efficiency of newly synthesized VWF to WPBs. 9 The method used to provide these data were based on VWF secreted from metabolically labeled HUVECs that had been chased for 6 to 7 hours before a 10-minute challenge with a WPB secretagogue. The VWF secreted during the entire chase period and during the stimulation was immunoprecipitated and the radiolabeled VWF was quantified. The VWF released during the 6-to 7-hour chase period was defined as having been constitutively secreted, whereas the VWF released during the secretagogue treatment was defined as the VWF that was sorted. Although the data themselves were not published, the 5% to 10% sorting estimate was presumably calculated by dividing the latter value from the sum of both values. 9 The 2 main limitations of this type of approach that would lead to underestimates of sorting efficiencies have been pointed out in the context of the sorting of regulated secretory proteins in neuroendocrine cells. 11 First, comparing the ratio of stimulated to unstimulated secretion is not a measure of sorting itself, but more a measure of "secretagogue responsiveness": the fraction of the material that has been sorted and that can be released by stimulation with secretagogue. With the possible exception of mast cells, stimulation rarely leads to complete depletion of the regulated secretory compartment, and this is certainly the case with HUVECs. 33 Second, as we have shown here, most VWF collected during the 6-to 7-hour chase period will not have been constitutively secreted but basally secreted material that had been sorted into WPBs, but not stored in WPBs for very long. Basal secretion therefore leads to a double underestimate of sorting efficiency when calculated by this method. It increases the apparent rate of constitutive secretion while simultaneously depleting material from a potentially secretagogue-responsive pool.
Although basal secretion of regulated secretory organelles is known to occur in other cell types, until now no attempts were made to quantify the phenomenon in endothelial cells. Our data show that approximately 50% of newly synthesized mature VWF is secreted from nonstimulated HUVECs during a 24-hour period (see Figure 1) . The majority of this is basal secretion of post-Golgi secretory organelles, probably WPBs. If the basally secreted organelles are representative of the WPB population as a whole, it would give a half-life for WPBs of about a day, which is consistent with a published estimate. 34 This is also reasonable in light of the time it takes to deplete cellular WPB populations with NH 4 Cl. 23 However, it is known that newly formed WPBs exist for a time in an immature state with respect to both membrane composition 35 and VWF content, 36 and it is therefore possible that basal secretion of WPBs varies with maturation state of the organelle.
There are still many questions that remain to be answered with regard to the trafficking of VWF in endothelial cells. However, this work raises the possibility that circulating VWF (most of which is thought to be derived from nonregulated secretion from endothelial cells) is more the result of unstimulated exocytosis of WPBs rather than inefficient sorting of VWF into that organelle. Therefore, as well as changing our understanding of the cell biology of VWF, these data also emphasize the need to focus future studies on the mechanisms of WPB maturation and exocytosis (stimulated and nonstimulated) in the hope that we may learn enough to be able to perturb these processes in vivo to effect beneficial change.
